Introduction
Breast cancer is a worldwide clinical problem amounting to approximately 1.38 million diagnoses and 450,000 deaths each year (Ferlay et al., 2010) . Various risk factors have been identified in the development of breast cancer including increasing age, high breast density, nulliparity, obesity, hormone replacement therapy, alcohol consumption, early age of menarche, late age of menopause, and radiation exposure (Dumitrescu and Cotarla, 2005) . Of these factors, high breast density has been indicated to be one of the greatest independent risk
Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator; DFOM, deferoxamine mesylate salt; ECM, extracellular matrix; FAK, focal adhesion kinase; HD, high density; HIF, hypoxia inducible transcription factor; HRE, hypoxia response element; LD, low density; VEGF, vascular endothelial growth factor; XRE, xenobiotic response element.factors across various breast cancer subtypes (McCormack and dos Santos Silva, 2006; Phipps et al., 2012) . Histological examination of dense and normal breast tissue has revealed that collagen is a primary component of dense breast tissue (Guo et al., 2001) . The increased presence of type I collagen has also been clinically linked to metastatic tumors via genetic based analyses of tumor biopsies (Ramaswamy et al., 2003) , suggesting that cellular responses to collagen may be linked to tumorigenesis.
Collagen is an extracellular matrix (ECM) protein known to interact with cell surface integrins in mammary gland development and tumor formation (Keely, 2011 an established component of normal breast architecture and the dominant component of dense breast tissue, a significant breast cancer risk factor (Guo et al., 2001; McCormack and dos Santos Silva, 2006; Phipps et al., 2012) . We have previously shown that increased stromal collagen in mouse mammary tissue significantly increases tumor formation and metastases (Provenzano et al., 2008b) . Moreover, mammary cells cultured in stiff collagen matrices exhibit mechanosignaling events that regulate gene expression and subsequent cellular differentiation and proliferation (Schedin and Keely, 2011) .
Signaling through focal adhesion kinase (FAK) is a significant signaling pathway by which cells respond to dense collagen matrices (Provenzano et al., 2009 ). This tyrosine kinase localizes at contact points where cell surface integrins interact with components of the ECM, and plays a critical role in the downstream processes of cell spreading, adhesion, motility, survival and cell cycle progression (Golubovskaya and Cance, 2010) . FAK is also implicated in breast tumorigenesis, particularly in mouse models where tissue-specific knock-out of FAK in the mammary gland significantly diminishes tumor formation and the development of cancerous hyperplasias (Lahlou et al., 2007; Provenzano et al., 2008a; Pylayeva et al., 2009) . Microarray analyses of the benign tumors arising in FAK knock-out mammary glands identified several genes that had previously been associated with a metastasis signature (Wang et al., 2002; Provenzano et al., 2008a) . Among mRNAs decreased in tumors lacking FAK, we identified AhR, HIF-1␣ and ARNT for further investigation as possible transcriptional regulators of breast cancer progression.
Hypoxia inducible transcription factors (HIF-1␣, HIF-1␤) dimerize and activate downstream genes in promoting aerobic glycolysis and tumorigenesis (Curran and Keely, 2013; Morandi and Chiarugi, 2014) . Overexpression of HIF-1␣ has been identified in primary breast cancers and murine models where increased production of vascular endothelial growth factor (VEGF) is also identified ( Kimbro and Simons, 2006; Stein et al., 2009; Curran and Keely, 2013) . HIF-1␤, which is a dimer partner to HIF-1␣, is also known as ARNT (aryl hydrocarbon receptor nuclear translocator) and a dimer partner to the aryl hydrocarbon receptor (AhR) in xenobiotic metabolism. Xenobiotic ligands in the cytoplasm bind AhR which induces the release of AhR from a multiprotein complex and allows the receptor to translocate to the nucleus, dimerize with ARNT and activate phase enzymes involved in the efflux of the chemical/ligand (Chen et al., 2012b) . In breast cancer, dysregulation of AhR and particular phase I enzymes have been associated with increased tumorigenesis (Dialyna et al., 2001; Goode et al., 2013) .
AhR is mostly commonly known for ligand induced activation in response to polycyclic aromatic hydrocarbons such as 2, 3, 7, . Additionally, AhR is known to bind to the endogenous ligand, kynurenine, which is up-regulated in breast cancer (Mezrich et al., 2010; Lyon et al., 2011; Tang et al., 2014) . Certain drugs used in the therapeutic treatment of breast cancer in human studies or murine models include microtubule-interfering agents, tamoxifen, doxorubicin, VEGF antagonist SU5416, and tranilast, which are all also known AhR ligands (Overmoyer et al., 2007; Vrzal et regulate genes involved in the assembly and maintenance of the ECM (Kung et al., 2009; Gilkes et al., 2014) . These transcription factors are also known to exhibit possible crosstalk via the shared dimer component ARNT (Chan et al., 1999) . In the current study, we investigated whether changes in the collagen matrix alter the responses of normal mammary gland cells to the ARNT-coupled pathways involving AhR and HIF-1␣.
2.
Materials and methods
Cell lines and cell culture
The MCF-10A cell line was used as representative models of normal breast epithelia (Debnath et al., 2003) . The MCF-10A cell line was obtained from American Type Culture Collection (Manassas, VA). Cells were cultured in stiff (3 mg/ml) or compliant (1 mg/ml) type I collagen gels as previously described. In brief, rat tail collagen (Corning, 354249, Bedford, MA) was mixed thoroughly with a neutralization solution (1:2) containing 100 mM Hepes and 2× PBS (pH 7.4) and placed on ice for no more than 10 min. High density (3 mg/ml) or low density (1 mg/ml) collagen in neutralized solutions were added to cells suspended in complete media. Complete media contained 50% DMEM with high glucose (Gibco Life Technologies, Grand Island, NY), 50% F-12 Nutrient mix (Gibco), 5% horse serum (Gibco), 10 g/ml bovine insulin (Cell Applications, Inc., San Diego, CA), 0.5 mg/ml hydrocortisone (Sigma-Aldrich, St. Louis, MO), and 20 ng/ml epidermal growth factor (EMD Millipore/Calbiochem, Darmstadt, Germany). Cells and media were thoroughly mixed with neutralized collagen. A total volume of 1.5 ml cells/media/collagen was aliquotted to one well of a 6-well sterile non-tissue culture treated plate (BD Falcon TM , Franklin Lakes, NJ) and incubated at room temperature for 10 min. The plate was transferred to a 5% CO 2 , 37 • C incubator for 2 h. The gels were then released from the plate by gently sliding a 200 l pipette tip around the outer edge of the gel and 2 ml of complete media was added to the gel prior to returning the plate to a 5% CO 2 , 37 • C incubator. In some experiments, cells were treated with 100 M deferoxamine mesylate salt (DFOM, Sigma), 100 M tranilast, 10 M FAK ATP inhibitor PF-562271 (Selleckchem, Houston, TX) or 10 M Src kinase inhibitor PP2 (Calbiochem/Millipore, Billerica, MA).
Reporter assay
The luciferase plasmids containing the hypoxia response element (HRE) or xenobiotic response element (XRE) were kind gifts from Dr. Christopher A. 
Immunoblots
Cells cultured in collagen gels were washed in PBS and lysed in 200 l 2× RIPA buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 2 mM Na 2 EDTA, 2% NP-40, 0.5% deoxycholic acid, 2 mM NaF, 1 mM Na 3 VO 4 ). The lysate was repeatedly passed through an 18-gauge needle and centrifuged (15,800 × g, 10 min, 4 • C) to separate the collagen from the cell lysate. 
Results

HRE and XRE reporter responses to density and agonists
To initially assess the relationship of collagen and the xenobiotic or hypoxic response, cells were cultured in collagen gels and examined for transcriptional activation. Specifically, normal human breast epithelial cells (MCF10A) cultured in high and low density collagen gels were assessed for reporter activation of the xenobiotic response element (XRE) or the hypoxic response element (HRE). As shown in Fig. 1 , transcriptional activation of both hypoxic and xenobiotic response elements are significantly less in high density (HD, stiff) collagen gels compared to low density (LD, compliant) collagen gels.
To further explore the relationship between HRE and XRE responses in collagen, cells were cultured in the presence or absence of the hypoxia-inducing reagent deferoxamine mesylate salt (DFOM) or the AhR agonist, tranilast. In Fig. 2A , tranilast significantly decreased the HRE response but increased the XRE response in MCF10A cells. In contrast, DFOM resulted in an inverse response in the MCF10A cells by increasing the HRE response and decreasing the XRE response (Fig. 2B) . These results suggest that the XRE or HRE genes activated may also exhibit a similar crosstalk pattern.
VEGF production in response to density and HRE/XRE agonists
In assessing XRE and HRE responses, we next examined cells cultured in collagen (stiff or compliant) for regulation of VEGF, which is up-regulated by HRE activation (Saponaro et al., 2013) . VEGF-A mRNA is effectively decreased by collagen density as detailed in our microarray of normal murine mammary epithelial cells (NMuMG) (Provenzano et al., 2009) , and is a known factor in breast cancer progression (Curran and Keely, 2013) . Examination of the media from cells revealed that production of VEGF from MCF10A cells was decreased in HD compared to LD collagen gels (Fig. 3A) . MCF10A cells cultured in LD collagen retained the ability to respond to ligands, as DFOM increased VEGF production (Fig. 3B) . Conversely, the AhR ligand tranilast decreased VEGF production (Fig. 3B) . Thus, production of VEGF matches the findings at the reporter level for the HRE response.
P450 production in response to density and HRE/XRE agonists
In assessing the downstream activity of the XRE response, we examined one of the most characterized P450 enzymes, CYP1A1. This extra-hepatic phase I drug metabolizing enzyme primarily functions as a mono-oxygenase in the metabolism of endogenous (hormones, inflammatory mediators) and exogenous (dietary metabolites, carcinogens) substrates (Badal and Delgoda, 2014) . CYP1A1 is also reduced or genetically altered in breast cancer (Hafeez et al., 2012; Wang and Wang, 2013) which may yield insight into studies that detail CYP1A1 function in both tumor prevention and induction (Androutsopoulos et al., 2009 ). In addition, AhR ligand-induced expression of CYP1A1 is enhanced by cell culture of rat mammary epithelial cells atop collagen (Larsen et al., 2004) . In Fig. 4A and C, we show that in the absence of an AhR ligand, MCF10A cells produced CYP1A1 when cultured in collagen gels. In contrast to the regulation of XRE in our reporter assay (Fig. 1) , CYP1A1 expression was higher in HD compared to LD. To further assess the XRE response, mammary epithelial cells were examined for CYP4B1. This P450 enzyme has been identified at the mRNA level in normal and tumor tissue samples (Iscan et al., 2001 ) as wells in the MCF10A cell line (Satih et al., 2010) . In addition, we have previously identified that the expression of CYP4B1 is regulated by density and FAK in our microarray of normal murine mammary epithelial cells (NMuMG) (Provenzano et al., 2009 ). In Fig. 4B and D, we show that density increased the expression of CYP4B1, indicating that cell signals associated with collagen ligation or mechanical stress alter P450 enzyme production. Lastly, in Fig. 4E -H, we show that both DFOM and tranilast enhanced CYP1A1 and CYP4B1 expression in the MCF10A cell line. Thus, unlike VEGF production and the HRE response (Figs. 1-3) , the regulation of P450 enzymes does not match the XRE response, suggesting that in non-tumorigenic cells, additional cell signals other than the AhR:ARNT pathway, may also play role in the regulation of P450 expression as has been previously explored (Guigal et 
FAK activation in dense collagen
To examine the mechanisms of P450 and VEGF expression in collagen, downstream signals associated with cell adhesion to collagen were assessed. Integrin binding to collagen induces cells signals via Src-family kinases, the recruitment FAK, and the subsequent activation of Rho family GTPases that regulate the downstream effects of cell contractility, integrin clustering, and mechanical stress (Keely, 2011) . Consequently, the activity of FAK may have a functional role in XRE and HRE responses which are also altered by collagen density. In Fig. 5A and C, we show that phosphorylation of FAK is less in HD compared to LD collagen, suggesting that decreased FAK activation may be responsible for the altered activation of XRE and HRE cell signals. In Fig. 5B and D, we demonstrate that the FAK ATP inhibitor PF-562271 significantly reduced phosphorylation at tyrosine 577, an indicator of kinase activity, and at the autophosphorylation site pY397. The Src kinase inhibitor (PP2) exhibited a modest effect on the phosphorylation of FAK (pY577 or pY397) alone. In combination with PF-562271, PP2 exhibited a synergistic response in reducing pY577 activity but not pY397 compared to controls.
VEGF and P450 production in response to FAK inhibition
To examine if FAK inhibition also affects genes activated by AhR and HIF-1␣, we examined the production of VEGF and the P450 enzymes. As shown in Fig. 6A , the production of VEGF decreased in response to FAK inhibition. However, in Fig. 6B -E, P450 enzyme production is shown to increase in response to FAK inhibition. These data suggest that FAK activation disparately affects XRE and HRE cell signals that respectively lead to P450 and VEGF production. These findings additionally correlate with reduced FAK activity and VEGF production but higher P450 expression identified in HD culture.
ARNT production in response to density and FAK inhibition
In understanding the nature of FAK inhibition on the XRE and HRE pathways, we examined the common dimer between AhR and HIF-1␣, ARNT. ARNT was significantly reduced by the FAK ATP inhibitor, but not by PP2 (Fig. 7) . The expression level of ARNT was also significantly reduced in HD compared to LD. Although studies have indicated that ARNT may exhibit splice variants in certain estrogen-negative tumor cell lines (MDA-MB-231 and MDA-MB-435) (Qin et al., 2001 ), we did not significantly identify any additional bands for ARNT by immunoblot in the MCF10A cell line (data not shown).
IÄB-˛ production in response to density and FAK inhibition
Because the production of P450 enzymes have been linked to the activity of NF-B (Zordoky and El-Kadi, 2009), we investigated the expression level of the regulatory protein, inhibitor of NF-B (IB)-␣. Cell signals leading to NF-B via the canonical pathway induce the phosphorylation of IB-␣ and targeted proteasome degradation of IB-␣, which yields the release of NF-B dimer components such as p50 and RelA (Neumann and Naumann, 2007) . In Fig. 8 , we show that like ARNT, production of IB-␣ was also significantly reduced in HD and in response to the FAK ATP inhibitor but not PP2. Thus, the inactivation of FAK may induce activation of NF-B cell signals.
Discussion
High breast density is a significant risk factor in the development of breast cancer, and is linked to an abundance of type I collagen (Guo et al., 2001; McCormack and dos Santos Silva, 2006; Phipps et al., 2012) . Collagen has an essential role in the activation of FAK in human mammary epithelial cells (Provenzano et al., 2009) . Moreover, AhR, HIF-1␣ and ARNT are linked to mammary tumor progression and the expression of FAK (Provenzano et al., 2008a ). In the current study, we find that high density collagen matrices diminish XRE and HRE activity of normal mammary cells (Fig. 1) . We also found a possible interplay between XRE and HRE responses where agonists to XRE alter the HRE response and vice versa (Fig. 2) . These data suggest that drug and cell metabolism may be altered in dense breast tissue. Furthermore, VEGF production is regulated by XRE and HRE responses, density, and FAK activity (Figs. 3 and 6) . VEGF has been previously linked to FAK and growth factor activation in endothelial cells (Eliceiri et al., 2002; Chen et al., 2012a) . VEGF identified by ELISA includes VEGFA165 and VEGFA121 which are linked to VEGF receptors (VEGFR)-1 and VEGFR2. These ligands and receptors are also chemotherapeutic targets of current interest (Rapisarda and Melillo, 2012) . Thus, molecular reagents that may alter this pathway, such as AhR agonists or FAK inhibitors, may possibly deter the angiogenic response in the mammary epithelium. The lower expression of VEGF in HD collagen suggests that breast density alone is not sufficient to induce VEGF-mediated angiogenesis and that other extracellular or intrinsic factors associated with the tumor are required.
In addition, we make the novel observation that ARNT levels are regulated by FAK activity, as pharmacological inhibition of FAK significantly diminished ARNT levels (Fig. 9) . Reduced expression of ARNT (Fig. 7) may explain the lower XRE and HRE reporter responses (Fig. 1 ) and the consequential decreases in VEGF production (Fig. 3) in HD versus LD. Surprisingly, we observed a decrease in FAK activation in HD collagen relative to LD collagen at 24 h (Fig. 5) . This is in contrast to the findings of ourselves and others that FAK phosphorylation is increased for mammary epithelial cells that are in HD/stiff matrices compared to more compliant matrices (Paszek et al., 2005; Provenzano et al., 2009 ). These differences likely reflect the fact that FAK phosphorylation in the previous investigation was evaluated after 7 days in 3D culture (Provenzano et al., 2009 ). We previously observed that FAK can be activated under compliant conditions when evaluated for short time frames (Modzelewska et al., 2006) . One explanation is that cells actively contract a compliant/LD matrix for the first 4 days of 3D culture, during which time there may be high FAK activity. Once the cells reach isometric equilibrium, FAK activity may be down-regulated in LD collagen.
Promoter activity of a purified XRE is identified in cells cultured in collagen matrices, consistent with previous findings that increased activation of the XRE signals occurs in cells suspended in semisolid media containing 1.68% methylcellulose (Sadek and Allen-Hoffmann, 1994; Hao et al., 2012) or cultures within ultralow attachment plates (Sengupta et al., 2014) . Despite the decrease in XRE activity in HD matrices, the expression of CYP1B1 and CYP4B1, which are regulated in part by XRE elements, are significantly increased in HD matrices. Somewhat paradoxically, inhibition of FAK also significantly enhances the expression enzymes. We also identified increased P450 expression in response to both XRE and HRE agonists (Fig. 4) , which supports the potential activation of the AhR pathway but also suggests that additional cell signals may modulate the response (Guigal et al., 2000; Mastyugin et al., 2004; Zordoky and El-Kadi, 2009; Villard et al., 2011) . This is the first report to identify increased P450 enzyme expression in association with dense collagen and the reduced activation of FAK.
The idea that P450 expression increases in the absence of ARNT is complex (Figs. 6 and 7) . The P450 genes are also regulated by NF-B, HIF-1, and SRF (serum response factor) (Guigal et al., 2000; Mastyugin et al., 2004; Zordoky and ElKadi, 2009; Villard et al., 2011) . Moreover, HIF-1␣, ARNT, and AhR expression are regulated by NF-B (Gorlach and Bonello, 2008; van Uden et al., 2011; Vogel et al., 2014) as well as the downstream genes (P450s and VEGF) (Tabruyn and Griffioen, 2008; Zordoky and El-Kadi, 2009 ). Previous study of Hepa-1c1 cells in 1.68% methylcellulose demonstrated that increased CYP1A1 was dependent on AhR expression (Sadek and AllenHoffmann, 1994) . AhR is also known to functionally cooperate with RelA in binding to NF-B elements in MCF10A cells (Kim et al., 2000) . The degradation of IB-␣ involves the release of RelA (Neumann and Naumann, 2007) and the expression of RelA has also been linked to CYP1A1 in the MCF-7 breast cancer cell line (Hollingshead et al., 2008) . We found that IB-␣ was decreased downstream of FAK by a HD matrix. Thus, the increased expression of P450 enzymes in high density may be associated with possible crosstalk between AhR and NF-B cell signals.
Conclusions
In summary, the microenvironment has been identified as a pivotal factor in the progression of cancer. We have shown that dense breast tissue and cell signals associated with FAK significantly alter the XRE and HRE responses in the normal mammary epithelial cell line, MCF10A. Tumorigenic cells that often exhibit mutations in the XRE or HRE pathways are likely influenced by dense collagen in the microenvironment. Because breast tumors have been characterized to exhibit hypoxia (Curran and Keely, 2013) and are known to secrete endogenous XRE ligands (Lyon et al., 2011; Tang et al., 2014) , normal epithelia cell signals around the tumor may be modified as described herein. The potential for FAK to regulate XRE and HRE cell signals yields insight into the differential responses identified in suspension cultures compared to normal tissue culture. Breast density is an identified risk factor in breast cancer. Elucidation of differences in cell signaling may enhance perspectives on the nature of this risk. Consequentially, understanding the functions of FAK and matrix density in cell and drug metabolism merits further study.
